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NllCA RM A R G l O  

FZIW INVESTIGATION OF THE LOW-SPEED (XiARAmSTICS 

By Seth B. Anderson, Alan E. Faye, Jr., 
and Robert C. Innis 

Tests  have  been  conducted to determine  the  flight  characteristics  of 
an F-86F airplane equipped with an area-suction-type bomdary-layer con- 
trol ins-t;alLation on the  trailing-edge flaps, Ejector pumps enclosed 
within  the  flaps  were  used for suction. Flap Uft Fncrements were deter- 
mined i n  conjunction  eLther  with a slartted leadfng edge  or with an inflat- 
able  rubber  boot on the %%ng 1- edge, Meamremnts were d e  of  the 
lift, drag, and  engine  bleed-air  requirements.  The  results  of  the flight 
tests  are  conpared  with  those  of  flight  tests of a blaring-flaptype 
boundary-layer  control  system on the same airplane. 

The most  interesting part of the  results was considered to be  the 
effect  that  the w i n g  leading edge had on the  magnitude of the  flap  lift 
increment,  particularly  at maximum lift  coefficient.  The  flap  lift  incre- 
ment was increased from 0.39 to 0.50 at maxfmum lift  coefficient  by chang- 
ing from  the  slatted  leading  edge to the  inflatable  rubber  boot leadbg 
edge 

In the  comparison  of  the  relative performance of  suction and blowing 
based on the  use  of an equal amouzlt of engine  bleed  air,  it was found that 
a blowing flap  produced  approximately  twice  the  value  of  increased lift 
due to bounw-layer control as did  the  area-suction  ejector  flap in the 
angle-of-attack  range  for +ding approach. 
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INTRODUCTION 
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The NACA has canrpleted R number of flight investigations of the use 
of boundary-layer control t o  hagrove the low-speed characteristics of 
high-speed airplanes (refs. 1 through 4). These flight tests have sham 
a general improvement in lqu-speed c)laracteristiqs .due-to-boundary-hyeayer 
control. A problem i n  providing suction boundary-layer control i s  that 
of finding a practical  pumping system. Gne means of pumping recently 
tested m s  an area-suction  type  trailing-edge f lap  with a number of 
ejector pumps enclosed within the  flap itself'. The ejector flap was 
tested on a swept-wing carrier-type  aircraft (ref. 4)  i n  which the 
ejectors w e r e  designed t o  be most eff ic ient  fn the engine power range 
used for   car r ie r  approach. 

A similar type  ejector  flap was developed under contract f o r  the A$r 
Force; however, it was designed t o  be most eff ic ient  a t  low engine speed8 
used i n  a sinking-type ( A i r  Force type) landing approach. This w a s  accom- 
plished by using  enlarged pump nozzles to provide  increased pumping capa- 
b i l i t i e s  even though the engine is  run at low speed6. This flap included 
a geared, s p l i t   f l a p  on the lower  surface  ofthe maln f lap  f o r  the pur- 
pose of improving the  ejector punping characterifltics and t o  close off 
the  ejector  exits when the main f lap  was in the up position. 

A t  the  request of the A i r  Force, Wright A i r  Development Center, 
( " I C ) ,  t h i s   f lap  was tested on an F-m airplane a t  the Ames Aeronautical 
Laboratory. The f lap  was tes ted   in  conJunctign e.*...@ slatted l eaang  
edge and an inflatable rubber  boot on a fixed. leading edge. In some case6 
the  results of the f l i gh t  tests are compared with results obtained using a 
blowing f lap  (ref. 3)  tested on the same airplane. . 

NOTATION 

b wing span 

BU: boundary-layer -control 

CD . drag coefficient, dra@; 

CL l i f t  coefficient, 

'4% increment i n  l i f t  coefficient due t o  flaps 

qs 

lift 
ss 

" - 

C h  maximum l i f t  coefficient 
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C local wing chord, ft 

L.E. leading  edge 

P 

pa 

Pf 

9 

S 

W 

a 

free-stream  statjc  pressure, ~ b / s q  ft 

total  pressure Fn flap  duct, lb/sq ft 

Pd'P 
duct  pressure  coefficient, Q 

dy-namic  pressure,  lb/sq ft 

wing area, sq ft 

engine  bleed-air flow, lb/sec 

angle of attack,  deg 

The  installation of the area-suction  ejector  flap was made on an 
F-86F airplane. A drawing of the  airplane U presented in fi-gum 1. 
Pertinent  dFmensions of the  airplane  are  given in table I. A general 
view of the  airplane  and a close-up of the  flap  are  presented in figures 2 
and 3, respectively.  The  suction system consisted of a manifold  to col-  
lect  air f r o m  the  last stage of the  compressor  of  the J47-GE-27 engine, a 
valve  controlled by the  pilot,  and  ducting on the underside of the 
fuselage  to  each  flap. 

The  flap was a plain  type  with  the same geometry as the types tested 
in references 1 and 3 except that the inboard f lap  end was shaped to be 
streanwise  when  the flap was deflected 55O. The flap was de6igned and 
constructed  for the F-86F airplane by Research,  Inc. , Minneapolis, 
Minnesota, under contract from WADC. A sketch  of  the  flap  cross  section 
is  presented In figure 4. Each  flap  contained ll double-nozzle  ejector 
pumps.  Photographs  showing  the  undersurface of the flap and the  ducting 
at  the  root  of  the  flap  are  presented Fn figures 5 and 6, respectively. 
In the initla testing, a split flap was used on the  lower  surface of the 
main  flaps  (see  fig. 7). The  split  flap had a gearing  ratio  of 1.4:1 
with  respect  to  the  main  surface,  and w a s  adjusted to close off the 
ejector  exits  when  the maFn flap was undeflected.  Air  entered  the root 
of the  flap by means of an O - r i n g  rotating seal located on  an ax is  above 
the  flap  hinge  line, In order to  take  care of translation of the ducting 
at  the seal, a rubber  tube w&s used  inside a telescoping m e t a l  shield as 
sham in  figure 6. This ductjllg FnstaLktion  provided a "cleaner"  aero- 
dynamic  design at the  flap-fuselage  juncture than that which existed for 
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the  tests  in  reference 1 since it was found i n  the  tests of reference 1 
that conditions a t  the flap-fuselage  juncture  influenced  the flap lift 
appreciably. It w a s  not  feasible to make the ducting  installation 
internal because of interference with fuel  tanhs. 

Boundary-layer air  was removed from the upper surface above the hinge 
l ine  of the flap through two ty-pes of gomus material. One type was 
sintered stainless s t e e l  sFmilar to  that teated fn reference 1. Another 
w8s a porous surface  consisting of perforated 2024-T3 almnum (fig. 8) 
having a hole  spacing pattern designed t o  give  pressure drop characterie- 
t ica  and velocity  characteristics equal t o  those for the sintered  stain- 
less   s tee l  of reference 1. A more complete description of' various typea 
of porous surfaces is given in  reference 5. The majority of results 
presented  herein are for the perforated  material. 

Tests were conducted with two " p e a  of w i n g  leading-edge devices. 
One  of these was the 6-3 s l a t  which is described in reference 3; the 
other an inflatable rubber  boot bonded t o  a solid 6-3 leadhg edge also 
described in  reference 3. The boot was developed by the B. F. Goodrich 
Company under contract f r o m  WADC. The a f r f o i l  sections were similar to 
those  described i n  reference 3. The end of' the boot t e s t &  herein 
extended 10 inches farther inboard  than the boot tested i n  reference 3. 
Sketches of the boot profile a t  two spanwise stations and f o r  two values 
of internal pressure are sham i n  figure 9. 

S t a n d a r d  NACA instruments were used t o  record  airspeed,  altitude, 
acceleration,  dact  pressures, and angle of attack. Values of airspeed 
ana angle of attack were  measure-d approximately 8 feet  ahead of the !?use- 
lage nose. Duct pressures in the f l ap  were  measured at the midspan s a -  
t i o n  of the  flap. Measurements with a flow meter indicated uniform inflow 
velocities through the porous material  along the span of the  flap a t  zeru 
forward velocity. 

Tests were conducted a t  an average alt i tude of 5,000 fee t  in  steady 
straight flight over a speed range from 160 knots t o  the stall. The aver- 
age wing l o d i n g  was 46 pounds per square foot and the  center of gravity 
was located a t  0.26 mean aerdpamic -chord. 

The tes t   resul ts  of this investigation  are  presented Fn figures 10 
%hrough 14. For the most part the results presented  hereln w i t h  the area- 
suction  ejector  flap are similar to those obtained w i t h  the  other boundary- 
layer  control f l ap  B y s t e m s  tested  (refs. 1, 3, and 4). In this  regard 
ilqprovements i n   f l a p ' l i f t  due t o  BLC were obtained over the operat ional  
speed range of the airplane. The discussion i n  this repart is  limited t o  
those  points  considered of maJor interest. - 
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Early in the flight tests it was found that an appreciable  reduction 
i n  flap lift (& = 0.05) occurred  over the  entire  angle of attack range 
when the  spl i t  f lap $ras deflected from the main flap. The results pre- 
sented herein are  those f o r  the t e s t  condition with the   sp l i t  fLap removed. 

There were no spgreciable  differences i n  the aerodynamic results 
between the sintered stainless steel suface and the perforated alumFnum 
surface  used on the  suction  area of the  flaps. Tl?is is  of interest  in 
view of the relatively la rge  holes and spacfng pattern used in the perfo- 
rated material (for a more cnmplete discussion of perforated materials, 
see  ref. 6). It was felt,  however, from an operatio&,  service stand- 
point, that the perforated material would be superior because of less  
tendency for  clug@;ing;  however, during the course of flight testing a t  
this laboratory no clogging of p o r n  mterial was measured. 

DISCLESION 

Aerodynamic Characteristics 

Effect of leading &e. - For mast WFng configumtions  reported 
(ref 8. 1, 3 , and 4) it ha8 been found generally that when boundary-layer 
control was applied t o  a .trailing-edge  flap, was reached a t  a 
lower angle of attack and the flap l i f t  increment was reduced in the a 
ragge near C h .  This is exemplified i n  the data in figures  lO(a) and 
ll f o r  the  configuration Kith the 6-3 slatted le-  edge. It has been 
demonstrated that the foregoing lift characteristic is typically a result 
of flow separation f ram the w i n g  leading edge w h i c h  is induced by the 
added c i rcuht ion  around the wing due t o  the  application of boundary- 
layer  control  to  the  trailing-edge  flap. With increased  leading-edge 
s k l l  protectian, improvements in  maximum lift and f l a p   l i f t  increment 
can be real ized at hfgher d u e s  of angle of attack. such leading-edge 
protection is  illust-mted Fn-the d a t a  of figure l O ( b )  m c h  show that 
with the  inflatable rubber boot , m%xhnm l i f t  with boundary-layer control 
on occurred at 3O higher angle of attack compared to the boundary-layer 
control off condition. Ln aadsltion t o  the improvement Fn C b  it can 
be noted (fig. 11) that the flap lift increment was increased  over that 
obtained w i t h  the slatted le- edge and showed essentially no deterio- 
ration wlth increase in angle of attack. The reason f o r  the marked 
increase in a for lIlEuLirrmm lift which occurred with boundary-layer con- 
t r o l  on i s  not lmown; i n  fact t h i s  phenomenon was not  obtained on all 
flights (e.g., see f ig .  ~ o ( c ) ) .  ~n -tion MS type of lift increase 
was not  obtained with the cambered leading edge tested i n  reference 1 o r  
the  inflatable rubber boot tested  in  reference 3 .  
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An attempt was d e  t o  pSn down the inconsistencies in maximum lift 
by leading-edge  configuration changes. One change readily made w i t h  the 
inflatable boot was  a change in leading-edge radius obtained by increas- 
ing internal pressure frm 10 to 20 pound6 per squsre inch gage. As can 
be observed from a comparison of the data in figures lO(c) and 10(d),  the 
increase in leading-edge radius did not  result In a change in mimum Ut. 
This indicates that small changes i n  leading-edge rallius which might occur 
due to fluctuEttions in  internal boot pressures w e r e  not responsible  for 
the  large  variations i n  maximum l i f t  previously noted. Studies of tuft 
behavior on the  upper wing surface showed distinctly  different stall 
patterns  associated with the changes i n  maximum lift presented i n  fig- 
UXB 10(b) and lO(c). When the hfgher value of maxlrmrm lift was ob-tained, 
air f low separation  occurred h i t i d l y  a t  the- w i n g  t ra i l ing  edge (on the 
ailerons)  spreading forward slowly w i t h  hcrease in angle of attack. When 
the lower value of maxFmum lift was obtained, a leading-edge type  separa- 
t ion took place  init ially a t  the  wing tips and progreseed  inboard rapidly 
w i t h  increase in a. The foregoing illustrates a condition where staLlFng 
is imminent from either  the wing leading or tra-g edges. Although it 
i s  not known w h a t  flight conditions  are  necessary t o  cauae one type of 
stall t o  take precedence, it appears that w h e n  trqiling-edge  separation 
occurred first, the tendency for  leading-edge  separation was delayed with 
a resultant over-- increase i n  C h .  

Effect of engine rpm an lift. - For the data presented herein, the 
bleed-air control valve was in  the  full-open  position  for all engine 
speeds; consequently the  suction pressures, exhaust afr momentum, and 
therefore f l a p  lift increment, w e r e  a function  of-engine speed. The 
variation of f lap lift increment w i t h  engine speed i s  presented i n  f ig-  
ure 12. Included i n  th i s  figure for comparison purposes are data f r o m  
the blowing flap of reference 3 corrected  to correspond to the same  amount 
of engine bleed air as used by the  ejector  flap. These results show that 
greater  values of lift were obtained with the blowing-flap system over the 
canrplete r p m  range. A t  an engine speed for landin@; approach (80 percent) 
use of the blowing-flap system reeulted i n  over  twice  the  increase i n  lift 
measured from the boundary-layer control of'f condition as compared to the 
suction system. In general, each type system showed. similar  variation in 
l i f t  with  engine speed. 

Effect .of BLC and type of wing leading edge on draq. - D r a g  data in 
figure 10 indicate an increase Fn drag with suction on a t  all except  the 
highest l i f t  coefficient d u e s .  These results are similar t o  others 
(ref s . 1 and 3) Wrth boundary-layer control  applied t o  a partial-span 
flap. It can be noted that, i n  general, the drag f o r  a given CL m a  
smaller with the inflatable boot  than wlth tple slatted leading edge (8ee 
figs.  lO(a) and 10(b)). 

Effect of f lap  deflection.- The f lap lift increments obtained a t  
various f l a p  deflections are presented In figure 13 f o r  aa angle of attack 

- 
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of So. Lncluded i n  this figure are data obtaFned f  om the blowlng-flap 
tests of reference 3. The theoretical   f lap lift increments w e r e  calculated 
by the method of reference 7. The reeul ts   for  the ejector f l a p  Xith 
boundary-layer control on and 55O flap deflection show values of f lap l i f t  
increment  approximately 70 percent of theoretical w h i l e  the  values obtained 
with the blowing f lap  we- s l i g h t l y  greater than  those  predicted by theory. 
For the e j e c t o r  f lap only small  increases (ACL = 0.02) in f lap  lift incre- 
ment were obtained when the flap  deflection was increased from 45O t o  66O. 

Miscellaneous Characteristics 

-in@;.- The arrangemnt of the g w i n g  equipment in the f lap pre- 
cluded the measurement of suction flow quantfties  directly. It was p s -  
sible, however, to indicate w h e t h e r  adequate f l o w  and pumping pressures 
were available. Thia was done by m e a s u r i n g  the flap duct  pressures and 
noting the variation of f lap l i f t  with duct  pressure. An examination of 
the data in figure 14 shows that at a Pf of -2 the knee  of the cume 
(indicating flow attacbment) was reached  and much larger pressure  coeff i- 
cients were available. The continued rise in l i f t  at  these larger pres- 
sure  coefficients is felt  t o  result from increased  circulation around the 
f lap induced by the Jet  exhaust from the lower surface of the flap. It 
is  noteworthy that no similar increase in lift was obtained when the air 
w a s  exhausted underneath the  fuselage  for the pumping system used in 
reference 1. 

S t a l l i n g  characteristics. - Boundary-layer control produced essen- 
tially no difference in stallFng behavior f o r  either of the le- edges 
tested. With the slatted leading edge, f 7 p  deflected 55O, the stall was 
considered marginLUJ satisfactory  chiefly because of the presence of a 
pitch-up which was considered mild. There was no aerodynamic stall warn- 
Fng. With the "table leading edge, boot def'lated, the s t a l l  behavior 
w-as characterized by a slow right ro.lJ"off, the stall being  considered 
unsatisfactory because of inabi l i ty   to  stop m u g  before an angle of 
bank of 43' w&s reached. The s t a l l  warning was satisfactory. With the 
boot inflated the roll-off .was more abrupt; there wa6 no stall warning. 

On one occasion when the boot was being deflated in flight, ridges 
formed in  the nibber near the leading edge. This resulted in  a leading- 
edge stall at a relatively high airspeed (160 knots), a condition which 
w a s  extremely disconcerting t o  the pilot. T h i ~  difficulty could have 
been overcane by coating  the inner surface of the 'xibber with an oil-. 
graphite mixture. 

TrFm chasges.- The trim changes  due t o  application of boundary-layer 
control w e r e  considered small. 
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The following  results  are  based on measurements of the  flight  char- 
acteristics of an F-86F airplane  equipped with area-suction-type  boundary- 
layer  control on the  trailing-edge  flap: 

1. The type of wing leading edge used had a marked  effect  on  the 
magnitude  of  the  flap  lift  increment  in  the  angle-of-attack  range  near 
maximum lift.  With  boundary-layer  control  on  the  flap, an increase i n  
flap  lift  increment  from 0.39 to 0.50 was  obtained in changing from a 
slatted  leading  edge to an inflatable  rubber  boot  leading  edge. 

2. The  area-suction  flap  achieved  flap  lift  values 70 percent  of 
that theoreplJ-y obtainable  at a flap  deflection  of 55O and  angle of 
attack of 8 whereas a blowing flap  tested  on  the  same  airplane  achieved 
flap  lift  values  slightly  greater  than  theoretical. 

3 .  The  increase i n  lift (at a constkt angle of attack)  due  to  the 
application of B E  was  twice as great  for  the  blowing  flap as for  the 
area-suction  flap  compared  on  the  basis of using eqwl amounts  of  engine 
bleed  air. 

4. There  were.no  appreciable  differences  in  aerodynamic  character- 
istics  obtained  in  tests for which  the  porous  material was sintered 
stainless  steel or perforated duminum sheet. 

5. Stalling  behavior W&E unchanged  with  the  use of boundary-layer 
control  for  either wing leading  edge  tested. 

6. The  longitudinal  trim  changes  due to application of boundary- 
layer  control  were  considered small. 

Ames  Aeronautical aboratory 
National  Advisory  Committee for Aeronautics 

Moffett  Field,  Calif.,  July 10, 1957. 
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"LE I. - DIMENSIONS OF TEST AlRpIAwE 

W F n g  
~ ~ a r e a J ~ q f t . . . m . . O . . . . . O . . O . .  
Span,f t  ...................... 
A s ~ c t ~ t i o  0 0 r n 0 0 0 . 0 0 0 0 0 0 0 0 0 s 0 0 0  

r P a p e r r a t i o . . . o . . o . . o . . , , . ~ . ~ ~ . .  

&an aerodynamic chord (w ing  stat ion 98.7 in. ) , ft . 
Dihedralangle, d e g . . . .  . . . . . . . . . . . . . .  
Sweepback of 0.25-chord line, deg . . . . . . . . . .  
Geometric twist, deg . . . . . . . . . . . . . . . .  
Root a i r foi l   sect ion (normal. t o  0.25-chord line) . . 
Tip airfoi l   sect ion (normal t o  0.25-chord IFne) . . 

, W i n g  area affected by flap, sq f t  . . . . . . . . . .  
Totalarea,  s q f t .  . . . . . . . . . . . . . . . . . .  
Span, f t  ...................... 
Aspectratio .................... 
~ ~ e r r a t i o . . e . o . . . . . . . ~ . . . . . . . .  
Dihedral angle, deg . . . . . . . . . . . .  .._. . . .  
Mean aerodymm3.c chord (horizontal-tail station 33.9 
Sweepback of 0.25-chord line,deg . . . . . . . . . .  

Horizontal t a i l  

Airfoil  section (parallel t o  center l ine) . . . . . .  
span,ft ...................... 

Vertical -tail 
Totalarea,  s q f t . .  . . . . . . . . . . . . . . . .  
Aspectratio e ~ ~ ~ o o ~ o ~ o o o o ~ o m o o ~ ~  

T a p e r r a t i o . . . . . . . . . , , o . . . o . . o - o .  
Sweepback  of  0.25-chord l ine,  deg . . . . . . 
Totalarea,  s q f t . .  . . . . . . . . . . . . . . . .  
Span (from 13.4 to 49.3-percent semispan), f t  . . . 
Chord (constant). f t  . . . . . . . . . . . . . . . .  

. . . .  Flag 

. .  
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I, 37.5' -I 
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Figure 1.- Drawing of test airplane. 
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Figure 3.- Close-up of f lap.  
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Figure 6.- View showing ducting at mot of flap. A-ZllBB 
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t # 

.. .. . ." . . .. . 
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(a) W i n g  station 0.163 b/2; 

Figure 9.- Profile of alrPoFL W e n  perpendicular -Lo wing le- edge rrlth inflatable rubber 
boot; boot extent ,  0.146 b/2 to 0.96 b/2. 
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(b) W i n g  station 0.893 b/2. 

mgure 9.- Concluded. 
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(a) Slatted edge. 

Figure 10.- Lift an8 drag curves for 55' f h p  deflection and &OUB WLng lea--edge devices; 
80 percent  engine m. 
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(b) Large c b  with M h l x b l e  leeding edge at 10 psig; brakes in. 
Figure 10.- Continued. i2 
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(c) Moderate < with Inflatable lead- edge a t  10 psig; brakes in. 
Figure 10.- Continued. 
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Figure 13.- Variation of flap  lift  increment with flap deflection; 
80 percent engine rpm, a = go. 
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Figure 14.- Variation of airplane lift  coefficient with duct pressure 
coefficient f o r  a = llo and varioue engine rpm. 
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